This paper investigates the effects of small amount nickel addition (0, 200, 400, 800, 1800 ppm) on the microstructure and the mechanical properties of Sn-0.7Cu lead-free solder alloys. It is known that even ppm level Ni additions have significant effects on the microstructure of Sn-Cu solder alloys. Ni suppresses the growth of β-Sn dendrites in favour of eutectic formation. As the nickel content increases, the microstructure undergoes a morphological evolution from hypoeutectic through fully eutectic to hypereutectic. Along with these transformations, the mechanical properties of the alloy also significantly change. Based on the experimental results presented in this paper, the Sn-0.7Cu solder achieves maximum strength at the addition level of 800 ppm Ni, when the microstructure becomes fully eutectic.
Introduction
Recently, the Directives 2011/65/EU and 2012/19/EU, commonly referred to as RoHS (Restriction of Hazardous Substances) and WEEE (Waste Electrical and Electronic Equipment), were adopted by the European Union out of health and environmental reasons to restrict the use of toxic lead in electrical and electronic equipment and to oblige market participants to produce more environmentally friendly electronic products [1, 2] . Therefore, the electronics and automotive industry should switch from traditionally used Sn-Pb solders to Pb-free solders, which entails the continuous development of new alloys. Already in commercial use, the near-eutectic Sn-0.7Cu alloy has become a very promising alternative as lead-free solder for wave soldering applications, mainly due to cost issues [3] [4] [5] .
According to the phase diagrams reported in the literature, the Sn-Cu system undergoes an eutectic reaction at 227
• C [5, 6, 9] . However, there are differences in the ways the exact eutectic composition is calculated. Moura et al. [5] define the eutectic composition at 0.7 wt.% Cu (by Thermocalc R database), while Nogita and other authors indicate it at 0.89 wt.% Cu [4, 7, 9] . The eutectic reaction occurs between the faceted eutectic Cu 6 Sn 5 phase and the non-faceted Sn-rich phase [9] . The Cu 6 Sn 5 phase grows in the form of rods embedded in a continuous Sn-rich matrix [5] . Ventura et al. studied the influence of growth velocity and Cu content on the microstructure of near-eutectic Sn-Cu solder alloys. They found that for relatively high growth velocities and for Cu contents below 0.9 wt.%, the microstructure consists of primary β-Sn cells or dendrites surrounded by eutectic (β-Sn+Cu 6 Sn 5 ) [4, 7] . Table 1 summarizes the mechanical properties of Sn-0.7Cu lead-free solders at room temperature, as substracted from the relevant database reported in the literature. Significant differences can be observed in the values of tensile strength (19.4-52.0 MPa), yield stress (15.3-47.8 MPa) and elongation (11.7-72 %), certainly attributable to different specimen preparation processes and test conditions. It is known that even ppm levels of nickel addition have significant effects on several properties of Sn-Cu alloys. Nickel can improve the soldering properties of Sn-Cu alloys by reducing the tendency for bridging and by enhancing the solder-substrate interface and the surface finish [6] . The effects of Ni on the microstructure of directionally solidified Sn-0.7Cu alloys have been widely investigated [6] [7] [8] . A transition from hypoeutectic (primary β-Sn cells or dendrites and eutectic (β-Sn+Cu 6 Sn 5 )), to fully eutectic and finally hypereutectic (primary (Cu,Ni) 6 Sn 5 intermetallics and eutectic (β-Sn+(Cu,Ni) 6 Sn 5 )) microstructure was observed with increasing Ni content at 10 µm/s growth rate [6, 7] . It was shown that nickel suppresses the formation of β-Sn dendrites and instead promotes the evolution of a fully eutectic microstructure. However, above certain Ni contents (500-1000 ppm, depending on growth velocity), large primary intermetallic phases appear in the microstructure [6] . Furthermore, it is known that Ni is strongly segregated by Sn and highly soluble in Cu 6 Sn 5 forming (Cu,Ni) 6 Sn 5 phase [7] . The presence of Ni in the intermetallic even at concentrations of about 5 at.% can stabilise the high-temperature η-Cu 6 Sn 5 phase over a large temperature range (-100
• C-250 • C). Therefore, the allotropic transformation of Cu 6 Sn 5 phase from monoclinic (η'-Cu 6 Sn 5 ) to hexagonal (η-Cu 6 Sn 5 ) -which normally occurs at 186
• C in the Sn-Cu system -cannot take place. This in turn, prevents volume changes, which would result in internal stresses and finally cracking [9] . Table 2 shows the mechanical properties of Sn-0.7Cu-xNi alloys as given in the literature. Unlike microstructure characterisations, the effects of nickel content on the mechanical properties of Sn-0.7Cu lead-free solders are not fully reported. Only a few studies can be found in this research area [19] [20] [21] . Therefore, the purpose of this study is to investigate the modifications triggered by Ni in the microstructure and the mechanical properties of Sn-0.7Cu lead free solders and to set up a correlation between them.
Experimental methods
Industrial solder ingots of Sn-0.7Cu were used in the experiments to study commercial purity materials. The tested solder alloy was melted at 400
• C in an electric resistance furnace. Different amounts of Ni in the form of SnNi10 master alloy were added to the solder melt. Subsequent to nickel addition and stirring, an incubation time of 30 min was applied to achieve the complete the dissolution of nickel. The alloys were poured into a pre-heated (to 200
• C) steel mould of tensile test rods with a diameter of 11 mm. Three samples were casted from each alloy. The chemical compositions of the test samples were analysed by a Varian Inc. 720 -ES type ICP (inductively coupled plasma) spectrometer, the results are listed in Table 3 .
Microstructure observations were carried out on the transverse sections of the as-cast samples. The following metallographic process was used:
• grounding -with P240, P320, P500, P800, P1200, P2000, P2400 SiC papers and water; • polishing -with 3 µm, then 1 µm baize and DP-Lubricant Blue (Struers); • final polishing -with MasterMet T M 2 (Buehler) non-crystallizing colloidal silica (0.02 µm) polishing suspension. Microstructure was observed using a Zeiss AxioVision Imager m1M optical microscope and a Hitachi S4800 scanning electron microscope (SEM). The phase compositions of the samples were measured by a Bruker energy dispersive X-ray spectrometer (EDX).
Tensile test specimens were machined from the cast rods according to DIN-EN-50125 standard shown in Fig.1 . The tests were performed at room temperature at a strain rate of 10 −3 s −1 (displacement rate: 3 mm/min) by an Instron 5982 type universal testing machine. The mechanical properties of the samples were obtained by averaging each 3 test data. Fig. 1 . Scheme of tensile test specimen Microhardness measurements were made on the same transverse sections of the polished samples as we used for microstructure observations. Vickers microhardness was measured by applying 0.3 kg load for 10s by an Instron Tukon 2100 B Vickers hardness tester. An average of 10 readings of different indentations was taken for each sample. (Fig. 2b) . At the addition level of 400 ppm Ni, the volume fraction of eutectic (β-Sn+(Cu,Ni) 6 Sn 5 ) is clearly higher than in the previous case (Fig. 2c) , while the volume fraction of β-Sn dendrites is consistently lower. 800 ppm Ni content results in a fully eutectic microstructure without any primary phases (Fig. 2d) . By 1800 ppm Ni doping, the microstructure becomes hypereutectic, consisting of primary (Cu,Ni) 6 Sn 5 intermetallic phases, β-Sn dendrites (attributable to non-equilibrium solidification) and eutectic (β-Sn+(Cu,Ni) 6 Sn 5 ) (Fig. 2e) . These results are in good agreement with the literature, saying that Ni suppresses the formation of β-Sn dendrites in favour of the eutectic system [6] [7] [8] . With increasing nickel content, the microstructure changes from hypoeutectic through fully eutectic to hypereutectic. Fig . 3 shows the SEM images of Sn-0.7Cu (Fig. 3a) , Sn-0.7Cu-0.08Ni (Fig. 3b) and Sn-0.7Cu-0.18Ni (Fig. 3c) alloys; TABLE 4 contains the chemical composition of the eutectics and the primary intermetallic phases. Since the Cu 6 Sn 5 and (Cu,Ni) 6 Sn 5 particles of the eutectic -particularly in the eutectic Sn-0.7Cu-0.08Ni alloy (Fig. 3b) -are very fine, they cannot be analysed with EDX, only an area analysis of the eutectic could be measured. The phases formed in Sn-0.7Cu-xNi solders are known from the literature, but the compositional determination of the intermetallics needs further investigation by TEM. Based on the results of EDX analysis, the primary (Cu,Ni) 6 Sn 5 intermetallic phase consists of 14 at.% Ni in the hypereutectic Sn-0.7Cu-0.18Ni alloy (Table 4) , which corresponds to the reported data [8] .
Results and discussion

Effects of nickel on the microstructure of Sn-0.7Cu lead-free solders
Effects of nickel on the mechanical properties of
Sn-0.7Cu lead-free solders Table 5 shows the mechanical properties of the examined solders. In Fig. 4 , the effects of Ni on the tensile (UTS) and yield (YS) characteristics of a Sn-0.7Cu solder are presented, with magnified images of the microstructure. Figs. 5 and 6 show the effects of Ni on the elongation and microhardness (HV) of the Sn-0.7Cu solder. As seen, nickel has a strong effect on the mechanical properties of the respective alloy, which is in good agreement with the results of the microstructural observations. As the nickel content increases UTS, YS (Fig. 4) and HV (Fig. 6 ) likewise increase up to a certain value. The Sn-0.7Cu solder reaches maximum strength at 800 ppm Ni, when the microstructure is fully eutectic. The appearance of large (Cu,Ni) 6 Sn 5 intermetallic compounds in the microstructure causes a significant decrease in tensile strength, yield stress and microhardness. Elongation, however, is inversely affected by Ni addition (Fig. 5) . It is very important to avoid the formation of coarse primary (Cu,Ni) 6 Sn 5 intermetallic compounds in the microstructure, lest they would lead to the mechanical deterioration and lifetime reduction of the solder joint. Furthermore, IMCs are likely to form bridges, causing short circuits during the wave soldering process [7] . Therefore, only eutectic or hypoeutectic (but close-to-eutectic) alloys can be applied in the soldering process. Given the results, under the present test conditions it is not recommended to add more than about 800 ppm Ni to the Sn-0.7Cu lead-free solder.
Conclusions
In this study, the effect of small amount of nickel addition (0, 200, 400, 800, 1800 ppm) on the microstructure and the mechanical properties of commercial purity Sn-0.7Cu lead-free solder alloys have been investigated. The relationships between microstructural evolution and mechanical property change are also described. The following conclusions can be drawn from the experimental results: 1. Increasing nickel content is directly associated with the microstructural evolution, from hypoeutectic through fully eutectic to hypereutectic, of Sn-0.7Cu lead-free solders. The Sn-0.7Cu alloy becomes fully eutectic (β-Sn+(Cu,Ni) 6 Sn 5 ) at 800 ppm Ni. Under the present experimental conditions, hypereutectic microstructure can be observed at higher Ni contents. 2. Nickel also strongly affects the mechanical properties of Sn-0.7Cu lead-free solders, basically due to the changes in the microstructure. The volume fraction of eutectic (β-Sn+(Cu,Ni) 6 Sn 5 ) increases under the effect of Ni, which promotes the rise of tensile strength, yield stress, microhardness and the reduction of elongation. Maximum UTS, YS, HV and minimum elongation are achieved with 800 ppm of Ni addition (yielding a fully eutectic microstructure). Above this level, the UTS, YS and HV values decrease, while elongation significantly increases with the appearance of large primary (Cu,Ni) 6 Sn 5 intermetallic compounds.
